INTRODUCTION
The sulfur atom of the amino acid methionine is vulnerable to oxidation and such oxidation is a significant form of protein damage by endogenous and environmental oxidizing agents in a wide range of organisms from bacteria to higher eukaryotes. Oxidation of methionine is considered to be an important cell regulatory event, as it modulates the biological activity of several proteins (Abrams et al., 1981; Levine et al., 2000; Hoshi & Heinemann, 2001; Stadtman, 2001 ). Oxidation of a single methionine residue in the a1-proteinase inhibitor results in its failure to inhibit elastinolytic activity in the lung, leading to smoking-induced emphysema (Carp et al., 1982) and adult respiratory distress syndrome .
It is speculated that methionine oxidation is also the cause of cataract, as 45 % of methionine residues of lens proteins in those patients have been found to be oxidized (Truscott & Augusteyn, 1977; Garner & Spector, 1980) . Oxidation of methionine usually leads to a diastereomeric mixture of methionine sulfoxide (MetO): R-MetO and S-MetO. Recently, two distinct activities of the enzyme methionine sulfoxide reductase (Msr), referred to as MsrA and MsrB, have been reported. MsrA is specific for the S-MetO enantiomer, and the newly described MsrB is specific for R-MetO (Kryukov et al., 2002; Kumar et al., 2002; Moskovitz et al., 2002; Olry et al., 2002; Skaar et al., 2002) . The msrA and msrB genes in several bacterial species are organized adjacent to each other and appear to be co-transcribed (Singh et al., 2001b; Kryukov et al., 2002) . In addition, MsrA and MsrB are also often linked to each other forming two-domain fusion proteins, where MsrB is located either downstream or upstream of MsrA (Kryukov et al., 2002) . It is widely believed, based on the close proximity of these two genes and their similar enzymic activity but distinct substrate stereospecificity, that the proteins encoded by these two genes complement each other in protecting organisms from oxidative stress (Rodrigo et al., 2002) . Organisms with low Msr activity have indeed been demonstrated to show increased sensitivity to oxidative stress (Moskovitz et al., 1997 (Moskovitz et al., , 1998 Skaar et al., 2002; Stadtman et al., 2002) . In addition, Msr activity was found to be low in patients with Alzheimer's disease (Gabbita et al., 1999) and, more recently, MsrA has been demonstrated to regulate the life span of mammals (Moskovitz et al., 2001 ) and flies (Ruan et al., 2002) . More significantly, Msr proteins have been shown to regulate virulence in several bacteria (Hassouni et al., 1999; Dhandayuthapani et al., 2001; Olry et al., 2002; Wizemann et al., 1996) .
The bacterium Staphylococcus aureus is a versatile pathogen that causes a variety of infections and has acquired resistance to almost all available antibiotics (Archer, 1998) . In our study of the antibiotic stress response, we found that MsrA was significantly induced by treatment of S. aureus by wall-active antibiotics (Singh et al., 2001a) . Subsequent investigation revealed that msrA (now designated msrA1) and msrB (initially designated pilB) are the first and second genes of a four-gene polycistronic message (Singh et al., 2001b) . Insertional inactivation of msrA1 resulted in increased susceptibility of the mutant to H 2 O 2 , but not to the cell-wall-active antibiotic oxacillin. In addition, msrA1 has been identified as a S. aureus virulence gene in a murine model of bacteraemia using signature-tagged mutagenesis (Mei et al., 1997) . Besides MsrA1/MsrB, a second MsrA protein, designated MsrA2, has been demonstrated with Msr activity . The genome-wide search presents another gene in the S. aureus chromosome that encodes a protein (MsrA3) with considerable homology to MsrA1 and MsrA2. In this study, we have attempted to unravel the physiological significance of MsrA1, MsrA2 and MsrB homologues in S. aureus using genetic approaches. We report that, under the conditions tested here, the MsrA1/MsrB system is physiologically more significant in S. aureus than MsrA2.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . S. aureus and Escherichia coli cells were grown in tryptic soy broth/ agar (TSB or TSA, respectively) (Difco) and Luria-Bertani broth/ agar, respectively. When needed, ampicillin (50 mg ml 21 ), kanamycin (30 mg ml 21 in the case of E. coli; 100 mg ml 21 in the case of S. aureus), tetracycline (10 mg ml
21
) and chloramphenicol (10 mg ml 21 ) were added to the growth media.
DNA manipulations. Plasmid DNA was isolated using the Qiaprep kit (Qiagen), and chromosomal DNA was isolated using a DNAzol kit (Molecular Research Center). The Pfu DNA polymerase and restriction and modification enzymes were purchased from Promega. All amplifications were carried out using the genomic DNA of S. aureus RN450. DNA manipulations and Southern and Northern blot analyses were carried out essentially as described by Sambrook et al. (1989) . PCRs were performed with the GeneAmp PCR system (Perkin Elmer). The oligonucleotide primers used in this study (Table 2) were obtained from Integrated DNA Technology.
Construction of an msrA2 knockout mutant in S. aureus. To create an msrA2 null mutant, a pair of primers, P13 and P14, was used to amplify an~1?2 kb DNA fragment that represented the left-flanking region of the msrA2 gene starting from 40 nt downstream of the start codon. Primers P15 and P16 were used to amplify an~1?1 kb DNA fragment that represented the right-flanking region starting from 246 nt downstream of the msrA2 start codon. These two fragments were ligated together in vector pTZ18R (Mead et al., 1986) , resulting in the construct pTZ-msrA2, which simultaneously generated a unique XbaI restriction site between the ligated fragments. A 2?2 kb tetracycline-resistance cassette was subsequently inserted into this XbaI site, resulting in the construct pTZ-MT, which was used as a suicidal construct to transform S. aureus RN4220 cells by electroporation (Schenk & Laddaga, 1992) . Selection of the transformants on tetracycline plates led to the integration of the entire construct into the chromosome. Phage-80a was propagated on these transformants and used to resolve the mutation in the msrA2 gene in the S. aureus strains RN450 by performing transductional outcrosses as described (Novick et al., 1986; Singh et al., 2001b) . Mutation in the msrA2 gene was confirmed by Southern blot and PCR analysis.
Construction of an msrA1 msrA2 double knockout mutant in S. aureus. Construction of an msrA1 knockout mutant of S. aureus has been described previously (Singh et al., 2001b) . Construction of a double msrA1 msrA2 knockout mutant was achieved by transducing the mutation in the msrA2 gene to the msrA1 mutants of oxacillin-sensitive strain RN450 and oxacillinresistant strain BB270 using phage-80a. Methicillin-resistant strain COL, used previously (Singh et al., 2001b) , could not be used in this study to construct a double mutant due to its intrinsic resistance to tetracycline.
Determination of Msr activity. Liquid cultures of wild-type strain RN450, its msrA1 and msrA2 mutants and the msrA1 msrA2 double mutant were grown to an OD 600 value of 0?3. The cultures were divided into two tubes at this density and one set was challenged with 1?2 mg oxacillin ml 21 for 2?5 h as described previously (Singh et al., 2001a) . Cells were subsequently washed with buffer 'A' [20 mM Tris/HCl buffer (pH 7?5) containing 145 mM NaCl]. Cells from 5?0 ml of the cultures grown without oxacillin and 15?0 ml of the cultures grown with oxacillin were resuspended and lysed in 0?5 ml of buffer 'A' containing 0?25 mg lysostaphin ml 21 by incubation at 37 uC for 10 min. The lysed cells were sonicated briefly and centrifuged for 5 min at maximum speed in a refrigerated Eppendorf centrifuge at 4 uC. Total cellular Msr activity in the cell-free extract was determined using 1 mM Dabsyl-Met(O) and 20 mM DTT in 50 mM Tris/HCl (pH 7?5) and incubation at 37 uC for 30 min, as described previously (Moskovitz et al., 1997) .
MsrA-and MsrB-specific activities in the cell-free extracts of the wild-type and msrA mutants were determined using enantiomeric substrates R-MetO (specific for MsrB) and S-MetO (specific for MsrA), as described previously . The MsrA activity contributed by each MsrA protein in the wild-type S. aureus strain RN450 was calculated by assigning the loss of MsrA activity in the MsrA1 mutant to MsrA1, and the loss of activity in the MsrA2 mutant to MsrA2. MsrA3 activity is representative of residual MsrA activity in the msrA1 msrA2 double mutant. , ampicillin-resistant. DMost cells in the population of homogeneous strains grow in the presence of high concentrations of methicillin (Sutherland & Rollinson, 1964 On: Thu, 13 Dec 2018 14:40:09 minimum bactericidal concentrations (MBCs) for the wild-type and different msrA mutant strains of S. aureus were determined as described previously (Pfeltz et al., 2000; Singh et al., 2001b) .
Complementation of the msrA1 msrA2 double mutant. The double mutant was complemented with construct pCU1-msr1 as described previously (Singh et al., 2001b) , resulting in strain MC3.
To complement the double mutant with the msrA2 gene, añ 2?5 kb fragment was PCR-amplified using primers P13 and P16. The resulting amplicon was cloned in pCU1, resulting in construct pCU1-msrA2, which was transferred to S. aureus RN4220 by electroporation and subsequently transduced into the double mutant, resulting in strain MC4. The wild-type strain, the msrA2 mutant and the double mutant were also transformed with the vector plasmid pCU1. The antibiotic chloramphenicol was present in TSB at a concentration of 10 mg ml 21 for all the strains used during the oxacillin or H 2 O 2 MIC determinations.
Expression of msrA2 from the msrA1 promoter and vice versa. An~1?3 kb fragment was PCR-amplified using primers P6 and P17. A 236 bp fragment starting 44 nt downstream of the msrA1 ORF and going upstream was excised from the amplicon by digestion with HindIII (site internal to the amplicon) and cloned in pCU1 at the XbaI and HindIII sites, resulting in pCU1-msrA1P. Añ 1?3 kb DNA fragment starting precisely from the msrA2 gene was PCR-amplified using primers P18 and P19 and the amplicon was cloned into the BamHI and EcoRI sites of the construct pCU1-msrA1P, resulting in pCU1-msrA1P-msrA2. This construct was transferred to S. aureus RN4220 by electroporation and subsequently transduced into the double mutant, resulting in strain MC5.
An~1?4 kb fragment starting 41 nt downstream of the msrA2 gene and going upstream was PCR-amplified using primers P20 and P21, and the amplicon was cloned into the XbaI and HindIII sites of pCU1, resulting in construct pCU1-msrA2P. An~0?7 kb DNA fragment starting precisely from the msrA1 gene was PCR-amplified using primers P22 and P23, and cloned into the BamHI and EcoRI sites of the construct pCU1-msrA2P, resulting in pCU1-msrA2P-msrA1. This construct was transferred to S. aureus RN4220 by electroporation and subsequently transduced into the double mutant, resulting in strain MC6.
MsrB expression in strains with msrB antisense RNA. The antisense msrB fragment was cloned downstream of the msrA1 promoter in the construct pCU1-msrA1P. To accomplish this, the msrB ORF was PCR-amplified using primers P24 and P25, and the amplicon was cloned into the BamHI and EcoRI sites of construct pCU1-msrA1P, resulting in construct pCU1-msrA1P-antisense-msrB. This construct was transferred into the wild-type S. aureus strain RN450 and various msrA mutants.
Preparation of anti-MsrB antibodies. For the production of anti-MsrB polyclonal antibodies, 100 mg of hexahistidine-tagged MsrB purified as described previously (Singh et al., 2001b) was emulsified with Freund's complete adjuvant and subsequently injected subcutaneously into New Zealand White female rabbits. After primary immunization, the animals were injected twice on days 14 and 21 with 100 mg of MsrB emulsified with Freund's incomplete adjuvant. Serum from the immunized rabbits was collected from the ear vein 7 days after the second booster injection and used for immunoblotting studies.
Western blot analysis. Cell-free protein extracts from the S. aureus wild-type and msr mutants grown with and without oxacillin were prepared essentially as described previously (Singh et al., 2001a) and in the 'Determination of Msr activity' section of Methods. The cell-free protein extract (10 mg) from each sample was separated by SDS-PAGE (15 % gel) and the polypeptides were transferred onto nitrocellulose membranes (0?45 mm pore size) (Bio-Rad) by semidry electroblotting using a Tris/CAPS buffer system. The membranes were subsequently blocked with PBS ( 
RESULTS AND DISCUSSION
Msr activity in wild-type S. aureus and msrA mutant strains
The Msr-specific activities in cell-free extracts of the parent and msrA mutant strains are presented in Table 3 . The data indicate that a mutation in the msrA1 gene resulted in increased Msr activity under normal physiological conditions compared to the parent strain. However, a mutation in the msrA2 gene did not affect the cellular Msr activity. The possibility of overproduction of MsrA2 in the MsrA1 mutant to compensate for the MsrA functions is eliminated by the fact that the Msr-specific activity was higher even in the msrA1 msrA2 double mutant compared to the wild-type parent under normal physiological conditions. In addition, cellular Msr activity was significantly up-regulated in all the strains (wild-type RN450, its msrA1 and msrA2 mutant and msrA1 msrA2 double-mutant strains) in response to oxacillin (Table 2) .
In context to increased Msr activity in the msrA1 mutants, we had earlier speculated these mutants also to be an msrB mutant due to polar effect as msrB is the second gene of a four-gene polycistronic message with msrA1 being the first one (Singh et al., 2001b) . Higher Msr activity in the msrA1 mutant that was further induced by oxacillin led us to reconsider our assumption of deletion of MsrB in the MsrA1 mutants. We thus determined MsrA-and MsrBspecific activities in the wild-type and the MsrA1/MsrA2 mutants. The data presented in Table 3 clearly indicate that the increase in the Msr activity in the MsrA1 mutant was MsrB-specific.
Mutation in the msrA genes and H 2 O 2 tolerance
Present findings of increased total Msr activity in the MsrA1 mutants are inconsistent with our earlier determination of increased H 2 O 2 sensitivity of these mutants (Singh et al., 2001b) . Recently, Skaar et al. (2002) reported a similar observation where an msr mutant of Neisseria gonorrhoeae had increased sensitivity to oxidative stress despite four times higher Msr activity than its parent strain. To explain this intriguing observation, Skaar et al. (2002) proposed that, due to higher activity, the mutants were more capable of destroying the reactive oxygen intermediates through reversible methionine oxidation/reduction. This stops the mutants reaching the threshold needed to activate additional systems that might be involved in protection against oxidative damage in an organism. However, this view is inconsistent with previous findings where overexpression of MsrA activity in Saccharomyces cerevisiae and T cells provided the yeast and T cells with high resistance to oxidative stress (Moskovitz et al., 1998) . In addition, Staphylococcus aureus msrA1 mutants complemented with the wild-type msrA1 gene on a high-copy shuttle plasmid showed higher H 2 O 2 resistance than even the wild-type cells (Singh et al., 2001b) . Moreover, the observed increase in cellular MsrB activity in the msrA1 mutants (Table 3) apparently has not contributed to a better resistance of these mutants to oxidative stress conditions. Taking all these data together, it seems that the cellular capability of S-MetO reduction (carried out by MsrAs) is more prominent than the cellular R-MetO reduction (carried out by MsrB) in determining the resistance level to oxidative stress condition in S. aureus.
Of the other two MsrA proteins in staphylococci, only MsrA2 is significantly homologous to MsrA1 (49 % identity; 65 % similarity). MsrA3 shows only limited homology to MsrA1 (22 % identity; 33 % similarity) and MsrA2 (25 % identity; 39 % similarity). Amino acid sequence analysis further indicates that whereas MsrA1 and MsrA2 possess the stretch of five amino acids near the N terminus (GCFWC) that has been determined to be critical for MsrA enzymic activity , this is changed to GCLWG in MsrA3. However, since most of the MsrA3 active site is preserved (except for the F to L substitution), it is most likely that the MsrA activity of this protein is intact. In addition, the genes encoding these three MsrA proteins show nucleotide sequences different to each other which eliminates the likelihood of any of these genes being the result of the duplication of a single gene in S. aureus during the course of evolution.
In this study, we have further investigated the significance of MsrA1 and MsrA2 in relation to the oxidative stress response in S. aureus. The H 2 O 2 tolerance of the msrA2 mutant was comparable to that of the wild-type parent (Table 4) , which is consistent with no significant decrease in the MsrA activity in the MsrA2 mutant. In addition, there was no further increase in the susceptibility to oxidative stress when a mutation in the msrA2 gene was transduced into the msrA1 mutant to generate an msrA1 msrA2 double mutant (Table 3) . Furthermore, in complementation assays with the msrA1 gene on a shuttle plasmid, tolerance of the msrA1 msrA2 double mutants to H 2 O 2 oxidative stress was restored (strain MC3) (Table 3) . However, when it was complemented with the msrA2 gene, the double mutant remained H 2 O 2 -susceptible (strain MC4) (Table 4) .
Considering the high amino acid sequence similarity between MsrA1 and MsrA2, it is puzzling that a mutation in the msrA2 gene affected neither the cellular MsrA activity nor the MsrA oxidative stress response (Table 4) . In subsequent studies, we exchanged the promoters of the genes encoding MsrA1 and MsrA2 on a plasmid in the double mutant. It is interesting to note that the msrA2 gene under control of the msrA1 promoter (strain MC5) restored the level of resistance to oxidative stress in the msrA1 msrA2 double mutant, but the msrA1 gene became ineffective at restoring H 2 O 2 resistance when under the control of the msrA2 promoter (strain MC6) (Table 4) . Significantly, the Msr activity of the purified MsrA2 was almost fourfold higher than that of the purified MsrA1 . Therefore, it is concluded, based on the promoter exchange experiments, that it is not a defect in MsrA2 compared to MsrA1 that makes MsrA2 less efficient than MsrA1, rather it is the genetic organization of the genes encoding these two proteins that causes this difference in efficiency, whereby msrA2 is under the control of a weak promoter or subject to alternative transcriptional regulation.
The msrA1 msrA2 double mutant is not an MsrB mutant
In Western analysis, rabbit MsrB polyclonal antibodies reacted positively with the protein extracts of the msrA1 mutants and the msrA1 msrA2 double mutants, indicating that the msrA1 mutants were indeed leaky for the synthesis of MsrB (Fig. 1a, lanes 3, 4, 7 and 8 ). To rule out the possibility of msrB transcription from the promoter of the kanamycin-resistance gene used to insertionally inactivate msrA1, we sequenced the plasmid-borne DNA fragment used during the msrA1 mutant construction and found that the kanamycin-gene promoter was in the opposite orientation to the msrA1/msrB promoter. In addition, in Northern analysis of the RNA extracted from the double mutant, we found a 3?8 kb band hybridizing when the msrA1 gene was used as a probe, unlike the 2?4 kb band found in the RNA from the wild-type cells (Fig. 2a) . However, when the kanamycin-resistance cassette was used as a probe with RNA extracted from the msrA1 mutant grown without and with oxacillin, we observed two bands (3?8 and 1?4 kb, respectively) (Fig. 2b) . In addition, the intensity of the 3?8 kb band was higher in the mutant cells exposed to oxacillin compared to mutant bacteria grown without oxacillin (Fig. 2b) . Northern-generated data provide evidence that, in the msrA1 mutant and the msrA1 msrA2 double The total cell-free protein extract from each of these strains was extracted and separated on a 15 % SDS-PAGE gel. The separated proteins were transferred to nitrocellulose membranes and analysed using anti-MsrB rabbit antibodies for the synthesis of MsrB. Lanes: 1, wild-type RN450; 2, RN450+oxacillin; 3, RN450 : msrA1; 4, RN450 : msrA1+oxacillin; 5, RN450 : msrA2; 6, RN450 : msrA2+oxacillin; 7, RN450 : (msrA1 msrA2); 8, RN450 : (msrA1 msrA2)+oxacillin. (b) Western analysis of the synthesis of MsrB in wild-type and msrA1 mutant S. aureus strains. Lanes: 1, wild-type RN450 (cell-free extract); 2, RN450+oxacillin; 3, MC7+oxacillin; 4, MC8+oxacillin. mutant, the msrA1 promoter was able to direct increased transcription of a larger message leading to elevated synthesis of MsrB as observed in the Western analysis (Fig. 1a , lanes 3, 4, 7 and 8). Also, as apparent from the Western blot, in the msrA1 mutant or the msrA1 msrA2 double mutant but not in the msrA2 mutant, MsrB synthesis was higher compared to the wild-type bacterium under normal physiological conditions of growth [ Fig. 1a , lanes 1 (wild-type), 3 and 7 (MsrA1 mutants)]. Increased MsrB levels in MsrA1 mutants suggest that the expression of msrB and msrA1 is dependent on the cellular levels of MsrA/MsrB, but the possibility of a larger msrB message being more stable and leading to increased synthesis of MsrB can not be ruled out.
MsrB synthesis could be reduced but not blocked by antisense msrB RNA
To determine the role of msrB in S. aureus, we made several attempts to construct a mutation in the msrB gene, utilizing a similar insertional inactivation technique used for construction of the msrA1 and msrA2 mutants. However, every attempt to construct such a mutation failed. Therefore, we tried to block the translation of any msrB message present in the S. aureus msrA1 mutant by transforming the bacterium with an anti-msrB sequence under the control of the msrA1 promoter. Since the sense and antisense msrB are under the control of the same promoter in this construct, the former on the chromosome and the latter on a plasmid, we expected that the antisense msrB transcript would be in excess to block the sense msrB transcript due to its production from a high-copy plasmid. However, under these conditions, although MsrB expression was lowered it was not completely blocked (Fig. 1b, lanes 2 and  4) . We assume that the plasmid-generated~500 nt antimsrB message fails to pair with the 2?4 kb msrB transcript in the wild-type and the 3?8 kb transcript in the msrA1 mutant due to inaccessibility of the sense msrB sequences as a result of possible secondary structures.
Growth and oxacillin-resistance phenotypes of the MsrA1/MsrA2 mutants
Further characterization of the msrA2 mutant revealed its growth kinetics were comparable to those of the wild-type bacterium under normal physiological and various stress conditions including the presence of H 2 O 2 (data not shown). However, unlike MsrA2 mutants, MsrA1 mutants showed slower growth kinetics under normal physiological conditions (Fig. 3) . Another feature of the msrA1 mutant was its colony size. The colony size of the msrA1 mutant of all the S. aureus strains used was smaller than that of the wildtype. One can argue that the differences in the colony size might be due to slower growth of the msrA1 mutant. To confirm this observation, we plated cells from the midexponential phase (OD 600 0?8) from the wild-type RN450 and its msrA1 mutant. On average, the msrA1 mutant had 1?4 times more colony-forming units than the wild-type at this density. Similar observations were recorded with strains BB270 and COL and their msrA1 mutants. This phenotype of smaller colony size was reversed in the msrA1 mutants complemented with the intact gene on a shuttle plasmid. This observation probably implies that the lack of MsrA1 activity in S. aureus not only slows growth but also limits the size of the bacterium.
Interestingly, although msrA1 mutants showed slower growth under normal physiological conditions, in the presence of sublethal concentrations of oxacillin, the growth of to an OD 600 value of 0?3 and stressed subsequently for 60 min by the addition of 1?2 mg oxacillin ml "1 . Total RNA (5 mg) extracted from these oxacillin-stressed cells was separated by denaturing gel electrophoresis (1?2 % agarose) and subjected to Northern analysis using a DNA fragment representing msrA1 and msrB as probe. Lanes: 1, RN450; 2, RN450 : (msrA1 msrA2). (b) S. aureus RN450 : (msrA1 msrA2) was grown in TSB to an OD 600 value of 0?3 and divided into two flasks. Oxacillin was added to one flask at the final concentration of 1?2 mg ml "1 . Both cultures were incubated for an additional 60 min. Total RNA (5 mg) extracted from these cells was separated by denaturing gel electrophoresis (1?2 % agarose) and subjected to Northern analysis using a DNA fragment representing a kanamycin-resistance cassette as probe. Lanes: 1, RN450 : msrA1; 2, RN450 : (msrA1 msrA2)+oxacillin.
the msrA1 mutants of COL and BB270 was comparable to their respective wild-type counterparts (Fig. 3 , data not shown for strain BB270). One possible explanation may be that a higher MsrB level helped the MsrA1 mutants to respond to oxacillin more efficiently. However, the oxacillin MICs of the msrA1 and msrA2 mutants or the msrA1 msrA2 double mutant of methicillin-resistant S. aureus strain BB270 remained unchanged from the wild-type level of 200 mg ml
21
. We also did not see any change in the oxacillin-resistance expression of the msrA1 msrA2 double mutants of strain BB270 with antisense msrB RNA.
In conclusion, in this study we have characterized the msrA1, msrA2 and msrB genes encoding Msr activity in S. aureus with respect to their oxacillin inducibility, H 2 O 2 susceptibility and promoter strengths. Our data suggest that the MsrA1/MsrB system in S. aureus is physiologically more significant than other Msr proteins in this bacterium. The complexities of these Msr proteins as a whole as well as their individual significance in staphylococcal physiology need further investigation.
Identification of Staphylococcus aureus virulence genes in a murine model of bacteraemia using signature-tagged mutagenesis. Mol Microbiol 26, 399-407. Fig. 3 . Growth of S. aureus COL and its msrA1 mutant strains in TSB and TSB containing 100 mg oxacillin ml "1 . For growth kinetics, 50?0 ml of fresh TSB were inoculated with overnight cultures of wild-type COL and COL : msrA1 mutant to an initial culture OD 600 value of 0?02 and incubated in a shaking incubator (200 r.p.m.) at 37 6C; the growth of the cultures was monitored spectrophotometrically. &, COL; m, COL : msrA1; %, COL+oxacillin; n, COL : msrA1+oxacillin.
